ABSTRACT: Two multisample laboratory powder diffractometers have been evaluated for the purpose of pattern indexing in the context of physical form screening. Both diffractometers utilise foil transmission geometry, primary monochromated radiation, and a position-sensitive detector. Data collected from six compounds (sotalol hydrochloride, hydroflumethiazide, verapamil hydrochloride, captopril, clomipramine hydrochloride, and famotidine) showed good angular resolution (FWHM as small as ca. 0.068) and lattice parameters were easily obtained using the indexing program DICVOL-91. The extent of preferred orientation in each pattern was estimated using the DASH implementation of the March-Dollase function and is most evident with clomipramine hydrochloride and famotidine. Otherwise, the data compare favorably with reference capillary data sets. In conclusion, where there is a requirement to analyze 20-30 samples per day, with an emphasis on obtaining the high-quality data that are important in pattern recognition and imperative in indexing, the combination of foil transmission geometry, primary monochromated radiation, plus a position-sensitive detector is highly effective. The data also afford opportunities for crystal structure determination.
INTRODUCTION
The development of experimental methods for increasing the efficiency and throughput of all stages of drug discovery and development is an important area of current research within the pharmaceutical industry. The drive towards increased efficiency in physical form screening stems from the need to take the most favorable physical form (polymorph, solvate, and salt) to market in the shortest time possible, while ensuring that no unexpected transformations subsequently disrupt production.
Traditional physical form screening methodologies rely on systematically fingerprinting samples recrystallized under a wide range of conditions using spectroscopic, thermal and diffraction techniques; it is X-ray powder diffraction (XRPD) specifically that concerns us here. Typically, the initial stage of a screen is directed towards identifying different physical forms, for example on a search/match basis. 1 Diffraction pattern quality is an issue and the point has already been made that as the quality of experimental XRPD patterns improves (i.e., more accurate measurement of 2y and intensity, I), so the process of pattern recognition becomes easier. 1 A logical extension to pattern recognition is to ''add value'' to the drug development process at this stage by additionally determining lattice parameters and ultimately solving novel crystal structures ( Figure 1 ). Even more so than with pattern recognition, meeting these ambitions demands routine high-quality XRPD data collections as an integral part of the physical form screen.
The focus of attention in this communication is the importance of data quality for powder pattern indexing in the context of the workflow shown in Figure 1 . We have investigated two ''off-the-shelf '' powder diffractometers, each with a multisample configuration suited to collecting high-quality patterns at a rate of up to ca. 30 per day (based on ca. 45 min data collection per sample-see Materials and Methods). In the context of physical form screening, the ideal instrumental specification balances the requirement for small sample quantities, minimal sample preparation, and minimum data acquisition time, good angular resolution, and accurate measurement of the positions of the first 20 reflections for indexing low-symmetry structures.
Both diffractometers utilize foil transmission geometry, primary monochromated radiation, and a position-sensitive detector (PSD). While reflection geometry tends to be more popular in industry, transmission geometry presents some definitive advantages for structural analysis where (as in this case) the materials are not strongly absorbing. 2 Similarly, while the most widely used radiation in conventional XRPD is the Cu Ka 1,2 doublet, the fact that the resolution function contains two peaks is an unnecessary complication, given the objective of accurately determining 20 reflection positions for the purpose of indexing.
In both the instruments investigated here, the convergent Guinier-type beam path using a conventional X-ray tube line focus provides excellent resolution in the equatorial plane, but lacks resolution perpendicular to it. Therefore, a onedimensional PSD is used to maintain resolution at the expense of the complete detection of the Debye-Scherrer rings. The advantage of a linear PSD over a scintillation counter is simply a higher count rate that enables significantly faster data acquisition with very little increase in full width at half maximum (FWHM).
MATERIALS AND METHODS
Small quantities of each of six polycrystalline samples (Table 1) were analyzed using two diffractometer setups:
1. Instrument A, a Bruker D8-Advance transmission diffractometer with a Johannsontype 3 curved Ge (111) focusing primary monochromator. The PSD covers an angular range of ca. 68 2y simultaneously. Data were collected with each sample sandwiched between two X-ray transparent Mylar 1 foils using the settings listed in Table 2 . The sample holder was mounted in a nine-position sample changer that allowed the sample to be rotated during data collection ( Figure 2 ). 2. Instrument B, a Stoe Stadi-P Combi transmission diffractometer with a curved Johanntype Ge (111) primary monochromator 3, 4 which is mounted vertically above the tube housing so that the beam path is vertical, allowing the sample stage to move within a horizontal plane while not disturbing loosely mounted specimens. The PSD covers the same angular range as above. The sample holder consists of a computer controlled x-y stage into which various inserts may be clipped. For the present investigation, an X-ray transparent Kapton 1 foil with 12 Â 8 sample wells 5 was used ( Figure 3 ) with the settings listed in Table 3 . The holder was rocked in y during data collection to improve particle statistics. 
Laboratory X-ray diffraction data were collected on a Bruker AXS D8-Advance diffractometer, with a lightly ground sample in a 0.7-mm rotating borosilicate glass capillary (l ¼ 1.54056 Å , fixed 1 mm divergence slit, Braun PSD detector; step size 0.01458 with a 10-s per step count time). The choice of Mylar or Kapton depends on the specific application-Kapton is well suited to crystallization experiments carried out in situ because of its chemical resistance, but introduces a ''hump'' into the background around 5-68 2y that may obscure weak reflections in that range and that is not seen with Mylar. The powder samples were mounted without grinding or other manipulations aimed at minimising particle orientation effects. In general, the potential for sample displacement error (and peak broadening) is reduced by aligning the sample carrier to the correct position for a given thickness and then minimizing thickness variations within and between samples. The six compounds were chosen because, in terms of molecular complexity, they are fairly typical of pharmaceutical active ingredients. Furthermore, a reference set of room temperature lattice parameters determined from capillary powder data were available to us, as were single-crystal structures determined at various temperatures (Table 1) .
RESULTS
The XRPD powder patterns collected on instruments A and B from each of the six samples are shown in Figures 4 and 5 , respectively. The angular resolution across each pattern is good ( position of each of the first 20 peaks in each pattern was determined using DASH 7 and input into DICVOL-91 8 for indexing. The output lattice parameters are listed in Table 4 and show excellent agreement with the parameters listed in Table 1 .
The extent of preferred orientation in each pattern was estimated using the DASH implementation of the March-Dollase function 9 (Table 5 ). [The March-Dollase function is adequate for describing preferred orientation at the level of structure determination empolyed here-for subsequent Rietveld refinement, more advanced models (such as those based on spherical harmonics) may be preferrable.] With compound a on instrument A, for example, data were Pawley-fitted to ca. 348 2y, refining background, zero-point, unit cell, and peak shape parameters. Subsequent DASH optimisation of molecular orientation gave a profile w 2 ¼ 8.2 as the best of three repeat runs using an internal coordinate description derived from the singlecrystal structure SOTALC (Table 1) In summary, the intensity corrections to corresponding patterns collected on instruments A and B (Table 5 ) are generally consistent with respect to direction and overall magnitude (r < 1 or r > 1) and are greatest for compounds e and f. Among the reference capillary data sets, the effect of preferred orientation is mild for compounds c and e and negligible for the others.
DISCUSSION
Both instruments investigated here meet the requirements of good angular resolution and accurate reflection position measurements that are imperative for success in powder pattern indexing. In two instances (compounds e and f ), the effect of preferred orientation upon the transmission foil patterns is significantly greater than that observed with the capillary data, but such differences are less significant for the other compounds, where the effect of preferred orientation is relatively mild. There is some disparity between the magnitude of the corrections returned for compound c on instruments A and B, but it should be emphasized that sample preparation for all measurements on these instruments was not optimized.
In a screening environment, suboptimal particle size and morphologies are often encountered. Variations in particle size of a given physical form will certainly have an effect on line widths. However, the resolution of the instruments described here is sufficiently good that such differences will be visible and therefore quantifiable. Crystallization of large particles or particular morphologies of a given physical form may increase the extent of preferred orientation. In such instances, greater accuracy and consistency in intensity measurments can be achieved with optimised loading of a lightly ground or sieved sample.
In summary, foil transmission data can yield a set of accurate reflection intensities where the effect of sample preferred orientation on the pattern is mild, and this creates obvious opportunities for crystal structure solution. The patterns in Figures 4 and 5 were not actually collected with structure solution in mind, and hence, the data were collected to only limited spatial resolution. Nonetheless, it is worth pointing out that even low-resolution XRPD data contains sufficient information to enable crystal structures such as hydroflumethiazide, where the total number of degrees of freedom is relatively small, to be solved by global optimisation (Figure 6 ).
Capillary remains the geometry of choice for accurate intensity measurements, but there is no doubt that filling a lightly ground sample into a glass capillary and then aligning it is significantly more time-consuming than the sample preparation needed for instruments A and B. The latter option affords obvious advantages when it comes to maintaining the necessary throughput required to accommodate the large number of samples output from a parallel crystallization screen.
CONCLUSIONS
Where there is a requirement to analyze 20-30 polycrystalline samples per day, with an emphasis on collecting high-quality patterns (accurate measurement of 2y and I), the combination of foil transmission geometry, primary monochromated radiation plus a PSD is highly effective. Sample throughput could obviously be increased by reducing the scan range and step time for any given pattern (data out to ca. 308 2y will include the first 20 peaks in the majority of pharmaceuticals) and increasing the operating power of the X-ray Finally, the ''ultimate efficiency gain'' in physical form screening would see the integration of the crystallization and XRPD components of Figure 1 so as to minimize the degree of manual intervention in the process of going from powder to crystal structure. The importance of data quality to achieving this goal cannot be over emphasized. Pawley was sufficiently small (ca. 2) to confirm that the solution was correct. The only notable discrepancy between the single-crystal and XRPD solutions relates to the orientation of theÀ SO 2 NH 2 group. As has been noted previously, 10 the X-ray scattering power of ''NH 2 '' is on a par with that of an O-atom, such that different orientations are essentially indistinguishable with relatively low-resolution XRPD data.
